Abstract. MicroRNAs (miRNAs) are small, noncoding regulatory RNAs that regulate protein expression by reducing mRNA stability and/or translation, via base pairing with full or partial sequence-complementary target mRNAs. Recent evidence indicates that miRNAs have roles as tumor suppressors and oncogenes. The members of the miRNA181 (miR181) family have been reported to be downregulated in early stage human glioma, and to be involved in glioma development. The current study demonstrated that all subtypes of the miRNA 181 family were downregulated at stages of human glioma, including miR181a1, a2, b1, b2, c and d. In the present study, the family members were detected by reverse transcription-quantitative polymerase chain reaction in glioma tissues of different stages. miR181c declined the most in the samples from patients with World Health Organization (WHO) grade I glioma. As glioma development progressed from grade I to IV, the expression of miRN181 family members continued to decline, with miR181b1 exhibiting the fastest decline rate. Furthermore, a lentivirus was used to overexpress miR181c in primary glioma cells; the result indicated that miR181c overexpression was able to significantly inhibit glioma cell proliferation. Thus, miR181 may be a useful biomarker for human glioma at early stages. Detection of the level of miR181 family members may be a potential method for glioma diagnosis, determining the tumor WHO grade and guiding clinical treatment.
Introduction
Glioma originates from glial cells in the brain and the most common intracranial tumor. In the last 30 years, the incidence of primary malignant brain tumors has increased annually with an annual growth rate of ~1.2%, particularly in the elderly population (1) . According to the statistics of the Central Brain Tumor Registry of the United States, malignant gliomas account for ~70 percent of primary malignant brain tumors. The annual occurrence rate is ~5 in 10,000 individuals, with >14,000 newly diagnosed each year, and incidence is significantly higher in people over the age of 65 (2) . The annual mortality rate from glioma has risen in China to 30,000. The characteristics of glioblastoma include invasive growth, infiltration in to normal brain tissue without clear boundaries, fast progression and short survival time. Typically, gliomas are not limited to one lobe of the brain; the tumor infiltrates and damages the surrounding brain tissue (3) . Currently, there is no effective treatment to combat glioma. For the conventional treatment of gliomas in China and other countries, surgery, radiotherapy, chemotherapy, stereotactic photon therapy system and stereotactic gamma ray radiation therapy are used (4) . According to follow-up and investigation, the recurrence time of World Health Organization (WHO) grade III and/or IV glioma was between 1-6 months, and for grade I-II level recurrence typically occur during 1-2 years after surgery. Following comprehensive treatment of patient with low-grade gliomas (WHO grade I-II grade), the median survival time is between 8-10 years; for patients with aplastic glioma (WHO grade III), the median survival time is 3-4 years; for patients with glioblastoma (WHO grade IV), the median survival is only 14.6-17 months (2) .
MicroRNAs (miRNAs) have various forms at different stages of biogenesis. The initial form is pri-miRNA, which is 300-1,000 bases in length. Following primary processing, the pri-miRNA becomes a pre-miRNA, also termed microRNA precursor, of 70-90 bases in length. Pre-miRNA is processed further through digestion by Dicer enzyme, creating a small single-stranded miRNA molecule of 21-23 bases in length. miRNAs are different from, but closely associated with small interfering RNA (siRNA) duplexes (5). The majority of miRNA genes are present in the genome asa single copy, multiple copies or gene clusters (5, 6) . For use in research, pre-miRNAs are the most commonly used miRNA form. Numerous commercial miRNA libraries contain RNAs in the pre-miRNA form. A previous study demonstrated that miRNA arms serve an important role in the formation of mature miRNA, thus, pri-miRNAs that retain the miRNA arms are increasingly being adopted for use by researchers (3) .
Presumably, these non-coding small molecule RNAs are involved in the regulation of gene expression, however its mechanism is different from siRNA-mediated mRNA degradation. The first characterized miRNAs were lin-4 and let-7, which were discovered in nematodes (7) . Subsequently, hundreds of miRNAs were identified in various species, including in humans, fruit flies and plants by numerous research teams. miRNAs are involved in transcriptional regulation of gene expression in plants and animals and have a variety of important roles in the cell. Scientists previously identified 28,645 miRNA molecules in viruses, plants and animals (8) . The majority of identified miRNAs have a hairpin structure. Single stranded RNA hairpin precursorsof ~70 bases are generated through Dicer enzyme processing, and a 5' end phosphate group and a 3' hydroxyl group are located at the 3' or 5' end of the RNA precursor, respectively (9) . Each miRNA may have multiple target genes, and the expression of one gene may be regulated by a combination of several miRNAs resulting in a complex regulatory network (10) . Potentially, miRNAs may regulate the expression of a third of human genes. The genes that encode miRNAs are always located in transcription units (11) , the majority of which are located in intronic regions (12) . The position of miRNA genes in introns is highly conserved among different species. miRNA genes are not only conserved in position, but also have high sequence homology (13) (14) (15) . The high conservation of miRNAs is closely associated with their functions. miRNAs are also closely associated with the evolution of their target genes, therefore, examining the evolutionary history of miRNAs may help to understand the mechanism of action and functions of miRNAs (9) . miRNAs have many biological functions in glioma, including modulating glioma cell apoptosis and tumor angiogenesis, and therefore, modulating glioma cell proliferation, invasion, radio-resistance and migration (1) . miRNAs are also involved in glioma stem cell development and maintenance, and contribute to glioma resistance to therapies. Briefly, miRNAs act as 'gap fillers', 'amplifiers', 'fine-tuners' and 'crosstalk mediators' in different glioma-associated cellular signaling networks, demonstrating the biological importance of miRNAs in glioma (1) . miRNA (miR)181a, miR181b and miR181c were originally identified as downregulated miRNAs in glioblastoma cells and tumors by miRNA microarrays (16) . miR181a, and to a greater extent miR181b, were subsequently described as tumor suppressors that inhibit growth and induce apoptosis of glioma cells (17) . miR181a overexpression sensitizes glioma cells to radiation treatment concurrent with the downregulation of Bcl-2 expression (18) . Also, miR181b and miR181c were reported to be significantly downregulated in patients that responded to radiation therapy and temozolomide compared with patients with progressive disease. Therefore, it was proposed that expression levels of miR181b and miR181c may serve as a predictive marker for response to radiation therapy and temozolomide in patients with glioblastoma (19) . Table I ). The average of the ages of the WHO I to IV group were 56.4±2.5, 54.2±3.3, 54.6±3.1 and 55.4±3.1 respectively. There were 5 patients in each group (M: F ratio: WHO I, 2:3; WHO II, 3:2; WHO III, 2:3; WHO IV, 3:2). Each sample was divided into two parts, one was used for RNA extraction (TRIzol method) and the other was used for primary cell culture (tissues were immersed in DMEM, and maintained on ice for a maximum of 4 h). Informed consent was acquired from every patient prior to participation, and the study was approved by the Ethics committee of First Affiliated Hospital of Fourth Military Medical University (Certificate no. KY20153226-1).
Materials and methods

Samples
Primary glioma cell isolation and culture. Primary glioma cells were isolated from patients glioma tissue without selectively removing cells (containing all tissue cells). Connective tissue and blood vessels were removed from the tumor. The remaining tissue were dissected into small pieces and digested for 10 min in 0.25% trypsin (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The dissociated cells were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc.), supplemented with 10% fetal bovine serum (FBS; Biochrom Ltd., Cambourne, UK), 0.1 mM non-essential amino acids and 2 mM Glutamax at 37˚C and 5% CO 2 . Cells became confluent within 2-3 days and were passaged in a 1:4 split. Primary glioma cells were used between passages 2 and 4. The method of miR181c lentivirus (pCDH-miR181c-GFP) packaging followed the protocol of a previous report (20) . Subsequently, the lentivirus was used to infect glioma cells at a multiplicity of infection (MOI; the number of viral particles per cell) of 10. Control cells were transfected with pCDH-GFP. Following infection for 8-12 h, cells were cultured in DMEM with 10% FBS. The miR181c sequence is presented in Fig. 1 .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
TRIzol extraction of total RNA from glioma tissue was performed according to the manufacturer's instructions (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Total RNA (500 ng) was reversed transcribed using a miRcute miRNA First Strand cDNA kit (KR201; Tiangen Biotech Co., Ltd., Beijing, China) and then quantified using SYBR Green (Tiangen Biotech, Co., Ltd., FP401) on an ABI 7500 machine (Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: 94˚C 2 min, followed by 40 cycles of 94˚C for 40 sec, 60˚C for 40 sec and 72˚C for 1 min. Final extension was performed at 72˚C for 5 min. PCR miRNA levels were quantified using the 2 -ΔΔCq method with 3 repeats (21), and β-actin was used as the reference gene. The following primers (5'-3') were used for qPCR: miR181a1, AGGTTGCTAGGACATCAACGG (F), AGA GTT AGT TTG GTA GCT GGC (R); miR181a2, ATC AGG CCA GCC TTC AAT CT (F), ACT GGC AAC TAC AGG AAC CC (R); miR181b1, TCA ACT GGA AGG GTC ACA CAT T (F), ATG TTG TTG GGC GAA CCC TC (R); miR181b2, CTG ACT CAA CTT GTT GGC TGC (F), GTG ACT AGT TAC TTA CAC GCC G (R); miR181c, TTT GAG TGG AAC TAG GCA GGA C (F), GTA GCT GCA ACT CAC GGG TC (R); miR181d, GGT GAA TGT CCC CTC CCC TA (F), TAC TTA CAA CAC CGA CCG CC (R); and β-actin, GGC TGT ATT CCC CTC CAT CG (F), CCA GTT GGT AAC AAT GCC ATG T (R).
Immunofluorescence. Following overnight culture, Glioma cells were plated at 5,000 cells/cm 2 , infected with lentivirues as aforementioned, and then allowed to proliferate for further 5 days. The cells were fixed with 4% paraformaldehyde (PFA) in 0.1 mol/l PBS for 20 min at room temperature and blocked in 5% BSA with 0.1% Triton X-100 in PBS for 30 min at room temperature. Primary antibodies were diluted in antibody dilution solution (PBS with 1% BSA and 0.1% Triton X-100) in the following ratios, and secondary antibodies were diluted 1:1,000 in antibody dilute solution. Glioma cells were incubated in primary antibodies overnight at 4˚C and with secondary antibodies were incubated for 60 min at room temperature. The following antibodies were used: Rabbit anti-Ki67 (1:500; AB 9260, EMD Millipore, Billerica, MA, USA) and Alexa Cy3-conjugated secondary antibody (1:1,000; 111-165-003, Jackson ImmunoResearch Laboratories, Inc.-West Grove, PA, USA). Cells were also stained with DAPI 5 min at room temperature (1:1,000; D9542, Sigma-Aldrich). Proliferation was indicated by Ki67 + -staining and infected cells were detected by observing GFP expression, using an Olympus IX71 microscope (Olympus Corporation, Tokyo, Japan). The number of proliferating infected cells was calculated as the percentage of Ki67 + + GFP + cells/total GFP + cells. The value was calculated as the average of three parallel wells (24 well) and 10 microscope fields per well.
Ball formation. Glioma cells were suspended at 100 cells/ml, plated at 1 ml/well into 24-well plates, and cultured for 5 days. Cells forming ball-like structures were considered to be cancer stem cells. Cells which grew into a colony were selected, digested and separated into single cells and then infected with the miR181c and control lentivirus, and expanded in vitro at 100 cells/ml for a further three days. The balling proportion was calculated as the number of balls after 3 days/original cell number. The diameter was calculated using the ruler tool on an Olympus IX71 microscope. The ball diameter and balling proportion was calculated from the average of 3 parallel wells (24 well).
Statistical analysis. Statistical analysis was evaluated using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA) and assessed with normality and variance. Data were compared by t test, one-way analysis of variance (ANOVA) for multiple comparisons, or two-way ANOVA for repeated-measures, followed by the Games-Howell post hoc test. Data were presented as the mean ± standard deviation in each experiment. P<0.05 was considered to indicate a statistically significant difference.
Results
miRNA181 family member expression levels are decreased in glioma.
Given the significance of miR181 in glioma, it is important to investigate the role of miR181 family members in the development and treatment of glioma. The current study examined the expression of miR181a1 in the normal brain tissue from patient with WHO Grade I-IV gliomas. Normal tissue was collected 2 cm away from the tumor. The results demonstrated that, among all the WHO grades, there was no significant difference in the relative expression of miR181a1 in the adjacent normal tissue (Fig. 2A) . This indicated that the expression of the miRNA181 family is unaffected in the normal tissue outside of tumor. Therefore, 1-2 patients in each Grade (I-IV) were selected; a total of five people, and the expression of each miRNA181 subtype was compared with the expression in normal brain tissue. The results demonstrated that the expression of all miR181 subtypes (miR181a1, Fig. 2B ; miR181a2, Fig. 2C; miR181b1, Fig. 2D; miR181b2, Fig. 2E ; miR181c, Fig. 2F; and miR181d, Fig. 2G ) was significantly reduced in glioma compared with the normal tissue (P<0.05), and the expression level decline was greater with increasing WHO grade.
At the initial period of glioma development (WHO Grade I), the six members of miRNA181 family were already significantly reduced, with all decreased to <30% of the levels in the normal tissue. In particular, the miR181c level (Fig. 2F) was markedly decreased in all five of the patients with WHO I grade glioma, with the greatest decrease to 4.2% of the normal tissue, and an average reduction to 3.3±0.6% of normal tissue levels. Expression levels of all members of the miRNA181 family were decreased in the early glioma stage; the expression of miRNA181c declined the most, which has important implications for the early diagnosis and prognosis of glioma. However, during the process of glioma development, the expression of miR181 family members decreased further. As the WHO grade level increased, the expression levels were decreased to 10-30% of the preceding level. miR181b1 had the fastest decline rate of the family, with the WHO Grade IV expression level even <0.1% of WHO Grade I level, and only 0.024% of the level in normal tissues (Fig. 2D) . This result indicates that miRNA181 is critical in glioma and is associated with the level of malignancy; gradually decreasing expression of miRNA181 was accompanied by increasing stage and may be associated with increased degeneration of glial cells. miR181c inhibits glioma WHO Grade I tumor cell proliferation. Subsequently, it was determined whether miR181 overexpression suppresses glioma cell growth and whether it may be useful for treatment of glioma. Since miR181c exhibited a sharp declined at the glioma initiation stage, miR181c may be an important factor that inhibits glial cell malignant (Fig. 2F) . Therefore, a plasmid was constructed to overexpress miR181c, packaged as a lentivirus and infected into primary glioma cells, to determine the role of miR181c in the different stages of glioma. Initial experiments were performed using WHO Grade I patients cultured in vitro. RT-qPCR was performed to detect expression level of miR181c in normal cells, uninfected glioma cells, control virus glioma cells (pCDH-GFP) and glioma cells overexpressing miR181c. In cells overexpressing miR181c (pCDH-miR181c), the miR181c levels were significantly increased compared with control virus cells (P=0.028), and also markedly increased compared with the levels in normal cells (Fig. 3A) . However, there was no significant difference between the miR181c levels in cells infected with the control virus compared with the uninfected group. Subsequently, the proliferation ability of these cells was analyzed (22) . Cells infected with the control virus proliferated rapidly during the logarithmic growth phase, >20% of GFP + cells were proliferative (indicated by Ki67 + staining), and the GFP -cells also had similar proliferation rates. Overexpression of miR181c in WHO Grade I glioma cells significantly decreased cell proliferation compared with cells infected with the control virus (P=0.0097; Fig. 3B and C). Following culture for the equivalent time (48 h), the cells number (Dapi quantity) was lower in the miR181c overexpressing cells than the control virus-infected group cells, and the proportion of GFP + -Ki67 + cells was 7.21±0.56%, significantly lower than the proportion in the infection control virus group (Fig. 3B and C) .
miRNA181c inhibits glioma WHO Grade IV cancer stem cell proliferation. Subsequently, the current study investigated whether miR181c also has an inhibitory effect on gliomablastoma cells. As gliomablastoma cells have stem cell properties, colonies can form as balls in suspension culture; cells that form balls within a low-density suspension culture are regarded as gliomablastoma cells (23) . Therefore, the cells from patients with WHO Grade IV glioma were cultured in suspension. Cells that grew into a colony were selected, digested and separated into single cells, and then infected with the miR181c and control lentivirus. The virus titer was adjusted to MOI=10. Initially, whether the infection of the gliomablastoma cells with the miR181c lentivirus restored the expression of miR181c was determined by RT-qPCR. The results demonstrated that miR181c expression was lower in gliomablastoma cells than in Grade IV glioma cells, and after infection of blastoma cells with pCDH-miR181c, the levels of miR181c were significantly increased compared with pCDH-GFP cells (P=0.027), and comparable to normal cell levels (Fig. 4A) . Subsequently, the secondary ball formation ability the infected cells was evaluated. Cells were cultured at a starting density of 100 cells/ml The results demonstrated that the balling proportion of cells infected with the control virus was 74.9±7.35% and the mean diameter of the ball was 158±13 µm, which indicated that ~75% of cells had cancer stem cell properties and a high proliferation rate ( Fig. 4B and C) . However, the cell proliferation was decreased by infection with the miR181c virus compared with the control virus, and the balling proportion and ball diameter were 1.53±0.8% and 28.2±6.65 µm, respectively (P=0.0030 and P=0.00063 vs. pCDH-GFP, respectively). The results demonstrated that restoration of miRNA181c expression appeared to reverse the tumor cell (and also tumor stem cell) phenotype, by reducing excessive proliferation, and restoring regular properties observed in normal glial cells ( Fig. 4B and C) .
Discussion
miRNA181 is an ancient miRNA gene family that originated in urochordata. miRNAs are endogenously expressed small non-coding RNAs (22 nucleotides) that regulate the expression of protein-coding genes post-transcriptionally. They predominantly function by base-pairing to the 3-untranslated regions of mRNAs to induce translational inactivation or RNA degradation. As a class of important gene regulators throughout the evolutionary process, miRNA-meditated gene regulation is widespread in animals, plants and viruses. Previous studies have demonstrated the involvement of the hsa-miR-181 family in gliomaoncogenesis, and miR181 expression was typically downregulated in glioma tissue (17) (18) (19) . Hsa-miR-181a and hsa-miR-181b functioned as tumor suppressors that inhibited growth, induced apoptosis and reduced invasion in glioma cells. Furthermore, the tumor-suppressive effect of hsa-miR-181b in glioma cells was more apparent than the effect of hsa-miR-181a, which suggested that aberrantly downregulated hsa-miR-181a and hsa-miR-181b may be critical factors that contribute to the malignancy of human gliomas. Previous studies reported that miR-21 and 221 were overexpressed in glioma samples, whereas miRNA 181 family members were downregulated compared with normal brain tissue (1, 24) . These findings suggest that aberrant downregulation of miR-181a/miR-181b and miR-181c could serve as a predictive marker that may contribute to malignant appearance in human gliomas (17, 19) . Slaby et al (19) and Zhang et al (25) demonstrated that the expression signature of miR-181 family members may be useful in predictive glioblastoma biomarkers. However, to the best of our knowledge, no detailed analysis of specific trends within different glioma stages has been performed. Thus, the current study determined the expression trends of the six subtypes of the miR181 family in detail and evaluated the changes in their expression in the four WHO glioma stages. Additionally, the effects of miR181 on glioma cell proliferation and malignancy were investigated. The current study demonstrated that restoring the expression of miR181c reduced the proliferation of glioma cells in the early or late stage (Grade I and Grade IV) and in gliomablastoma cells, restoring normal glia cells characteristics. Therefore, miR181 has important implications for the diagnosis of glioma, and also may be useful as a therapeutic method.
The results of the current study demonstrated that the expression level of all six subtypes of miR181 were decreased in glioma compared with normal tissue, particularly miR181c, which exhibited the greatest decrease. With the progression of gliomas from Grade I to IV, the expression levels of the miRNAs also decreased, and miR181b1 decreased the fastest. Thus, the expression level changes of the different miR181 subtypes are important for the early diagnosis of glioma and for predicting prognosis.
As the miR181c expression level was greatly decreased at the early stage of glioma, and continued to decline by >1,000-fold with the development of glioma (to Grade IV), miR181c maybe a crucial factor involved in the glioma cell transformation and glioma progression. Thus, the effects of miR181c on glioma cell proliferation and malignancy were also examined. The present study demonstrated that, in the early and late stage, miR181c expression recovery reduced the proliferation of glioma cells and gliomablastoma cells, restoring normal glia cells characteristics to these cells. Therefore, miR181 has important implications for the diagnosis of glioma, and may also be useful as a therapeutic for glioma treatment.
